A new image analysis method, called contiguous volume analysis, has been developed to automatically extract 3D information from emission images.
I. INTRODUCTION
Much emission image analysis, particularly in clinical work, is done by simple visual inspection of the image slices.
A lot of information is gained from visual analysis [l] , but only of a non-reproducible, qualitative nature. Since many of the images used for diagnostic work are not quantitative, visual analysis often suffices. However, quantitative single photon emission computed tomography (SPECT) is beginning to appear in the clinics [2] , and in order to make use of the additional information, quantitative analyses are needed. For any kind of quantitative work, some form of data extraction is first required. Data extraction can be as simple as reading the image values under the cursor position, or as complicated as 3D image registration to an anatomic atlas using shifting, rotating, scaling and warping. It is argued in [3] that a data extraction technique must meet some criteria to be useful. The first criterion is reproducibility (or reliability). If the technique always extracts the same data, regardless of who does the analysis or at what time, then the method is reproducible. Any fully automated technique can be expected to reproducible.
The second requirement is sensitivity, which is the ability to extract the useful information and 'We would like to acknowledge the Natural Sciences and Engineering Council of Canada for their financial support. disregard the useless. For example, a method which is designed to differentiate between two diseases, and does so, is sensitive to those diseases. Sensitivity can only be determined by application of the method to a particular study. The third requirement is that the method has no bias, that is, no tendency either toward or away from any particular result. The last requirement is target concept, which means that the data extracted should be relevant to the investigation.
By far the most common data extraction method in SPECT and positron emission tomography (PET) is to use 2-or 3D regions of interest (ROI). Using hand-drawn regions ensures that the investigator gets exactly the data wanted, but is very slow and has reproducibility and bias problems. Automated region definition, through registration to an ROI or anatomical atlas, is reproducible, but is dependent on the accuracy of the registration technique. The scarcity of anatomical landmarks in emission data makes registration a difficult problem and it is hard to identify errors which may have been introduced and to determine what effect they will have on the image analysis. Automatic methods which do not use registration provide reproducible data, but require good understanding of the method to ensure that the data extracted is indeed applicable to the study at hand. Anatomical interpretations on the data must be made with care.
We have developed an automated data extraction technique [4] which takes a different approach to emission data analysis than the standard methods. Our technique was specifically designed to find and extract the data that physicians use on a daily basis. In most studies it is the areas and volumes of high activity which are of most interest, and it is their sizes and positions which are wanted. We therefore developed a method, called contiguous volume analysis, which automatically finds all hot spots in the entire 3D image. Since the method extracts complete information about the position, sizes and values of all hot spots, it allows much more flexibility in the analysis of images than ROIs, while still catching the elements of the image which are of most interest to the physicians. Full automation ensures that the method is reproducible. Since no decisions are made about the image during the extraction process, there is no bias in the extracted data and the information is plotted in a way that clearly shows the significance of any region, removing much of the bias from the image interpretation as well. Since the method parallels visual inspection, it is appropriate for use with any study where visual inspection would be used, as well as with quantitative studies where visual inspection is useful but not sufficient.
The extracted data can be used for automatic ROI definition, quantitation and for interactive image analysis.
METHOD
The contiguous volume method can be likened to creating a topographical map of a mountainous landscape. A series of elevations are chosen and at each elevation, the contour of landscape is determined and drawn. At a single elevation, the contour line shows how many mountains are at least that high, how big they are, and where they are. A complete set of contour lines provides a great deal of information about the topography of the landscape.
For emission images, the data is usually 3D, not 2D, and therefore volumes are found at each step, not contours, but otherwise the methods are much the same. The program starts at the highest image value and decreases the threshold by a user-specified step size until the minimum image value is reached. At each threshold (elevation), the image is searched for all distinct hot spots which exist above the threshold (mountain tops). Each connected set of voxels found at one particular threshold is called a v o l u m e (single mountain top). The size and position (x, y and z coordinates of the centroid) of each volume is kept. As the program steps through decreasing thresholds, volumes found at one threshold are compared to those found at the previous threshold. Each volume is either a new hot spot which did not exist before, a hot spot which has grown from one found at the previous threshold, or one that has resulted from the merging of two or more hot spots found previously. The information about the hot spots appearing, growing and merging is accumulated into sequences (see Fig. 1 ). A sequence is a nested set of volumes found at consecutive thresholds which, together, describe a distinct, isolated, hot spot in the image. The final volume in each sequence describes the entire hot spot and the other volumes in the sequence provide information about the location and threshold at which the sequence first appeared and how it grew.
Once all of the sequences in an image have been found, the data can be plotted in a graph of volume vs. threshold, called a Feature Analysis (FA) graph. Each sequence is plotted as a polygon indicating the range of values in the sequence and its size at each threshold. At a threshold where distinct hot spots merge into a single volume, the sequences are plotted side by side, largest leftmost, on top of the new sequence that they formed. Since the FA graph does not show spatial information, some means of interacting with the slice image is necessary in order t o match the spikes in the graph with the hot spots in the image. To answer this need, a graphical user interface has been written which allows the user to interact with the slice display and FA graph.
DISCUSSION & CONCLUSIONS
Although the contiguous volume algorithm is somewhat difficult to understand, the extracted data is not. The meaning of the hot spots is straightforward, and people who are familiar with emission images typically have no difficulty understanding the extracted data and generally have immediate suggestions for its use. Since the method parallels visual inspection, intuitive insights spots and the arrangement found for the disease.
into the meaning of the data are possible. The user interface allows the user to work between the image and the graph, selecting a region in one and seeing the corresponding region in the other highlighted by the interface. Information about the selected volume, such as range of values and volume size, is provided.
The method is expected to be quite useful for the quantitative analysis of images. It's usefulness here has already been shown through application to a study on the effect of different digital filters on SPECT images (see Figs. 2 and 3) [6] . A particularly interesting use of the method is in the analysis of noise. The FA graph provides a clear indication of the amount and size of small regions in an image and it is We consider that the method has a wide range of application in emission imaging, from simple, interactive ROI finding to automated pattern definition and analysis. Selecting ROIs is simply a matter of displaying the image and the FA graph, and using the interface to find and highlight matching regions. Patterns in sets of images can be defined as a set of hot spots which consistently appear in a particular spatial arrangement [5] . Disease is shown by the differences between a normal arrangement of hotsimple to remove those small regions from the graph. Once the clearly insignificant regions have been removed, the other regions are more easily seen, allowing users to more easily make their own decisions about the significance of the hot spots which remain. Given the camera parameters, automatic removal of all hot spots smaller than the camera resolution is simple. Automatic removal of the rest of statistical noise is more difficult; work has been done on the evaluation of local statistics within an ROI [9] which may be useable with our method.
Contiguous volume data extraction is a general method which has wider application than just emission image analysis. It is appropriate for use with any data set where regions of high (or low) activity are of interest. It has, for example, been applied to radiotherapy planning [lo] , in order to find cold spots in tumor regions and hot spots in organs-at-risk.
We feel that our method of data extraction has considerable potential in the field of emission image analysis. Since the method extracts the same elements from the image as visual inspection does, the method is as broadly applicable as visual inspection, and, in addition, is completely quantitative and reproducible. local statistics in positron emission tomography images: a comparative study," Journal of Nuclear Medicine -
